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Protein Structure PredictionMitochondrial pre-mRNAs in trypanosomatids undergo RNA editing to be converted into translat-
able mRNAs. The reaction is characterized by the insertion and deletion of uridine residues and is
catalyzed by a macromolecular protein complex called the editosome. Despite intensive research,
structural information for the majority of editosome proteins is still missing and no high resolution
structure for the editosome exists. Here we present a comprehensive structural bioinformatics anal-
ysis of all proteins of the Trypanosoma brucei editosome. We speciﬁcally focus on the interplay
between intrinsic order and disorder. According to computational predictions, editosome proteins
involved in the basal reaction steps of the processing cycle are mostly ordered. By contrast, thirty
percent of the amino acid content of the editosome is intrinsically disordered, which includes most
prominently proteins with OB-fold domains. Based on the data we suggest a functional model, in
which the structurally disordered domains of the complex are correlated with the RNA binding
and RNA unfolding activity of the T. brucei editosome.
 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Trypanosomatids are a group of parasitic protozoa that include
species causing diseases in humans. The three major human dis-
eases connected with trypanosomatids are sleeping sickness
(caused by Trypanosoma brucei), Chagas disease (caused by
Trypanosoma cruzi), and different types of leishmaniasis (caused
by various species of Leishmania). The different diseases represent
severe problems mostly in tropical and subtropical regions of the
globe and are responsible for about one million deaths per year
[1]. A promising drug target for the different diseases is the unique
mRNA editing process that takes place within the mitochondria of
kinetoplastids [2,3]. Mitochondrial pre-mRNAs in these organisms
undergo a multistep RNA editing reaction, which leads to the mat-
uration of mRNAs and by introducing variation, it may contribute
to the generation of protein diversity [4,5]. During RNA editing,
numerous uridine residues are inserted and deleted from
pre-mRNAs, to produce complete and fully translatable mRNAs
[6]. The process depends on the presence of small, non-coding
RNAs – guide RNAs (gRNA), which act as templates in the reaction
[7–9]. Pre-mRNA editing comprises a series of enzymatic steps and
is conducted by a high molecular mass multi-protein complex
called RNA editing core complex (RECC), also known as the
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starting point of the reaction cycle [11]. The pre-mRNAs are then
cleaved at the ﬁrst mismatch 50 of the duplex and U-nucleotides
are added to the 30-end of the 50 pre-mRNA fragment by a
30-terminal uridylyl-transferase (TUTase). The deletion of
U-nucleotides is conducted by 30 ? 50 exoribonuclease and the
two mRNA fragments are ligated by an RNA ligase activity. There
are also several accessory protein factors involved in the process,
such as RNA helicases [12] and RNA annealing factors [13] as well
as proteins that serve as interaction proteins during the assembly
of the complex [14].
Two types of RNA editing complexes with apparent Svedberg
(S) values of 20S and 35–40S and with variable composition
were characterized in T. brucei [15,16]. 20S complexes do not
contain RNA, whereas 35–40S particles share core proteins with
20S particles, contain additional proteins and are associated with
endogenous mRNA and gRNA molecules. Editosomes have a single
substrate RNA binding site and execute an RNA chaperone-type
RNA unwinding activity to partially unfold the different
pre-mRNA molecules [17]. Up to 20 proteins were found to be
associated with both, the 20S and 35–40S editing complexes,
but the exact composition and stoichiometry of the different com-
plexes have not been established.
Twelve proteins were proposed to be involved in the formation
of the core editing complex (RECC): TbMP18, TbMP19, TbMP24,
TbMP42, TbMP44, TbMP46, TbMP48, TbMP52, TbMP57, TbMP63,
TbMP81 and TbMP99 [18,19]. Based on afﬁnity puriﬁcation exper-
iments [20,21], pair-wise protein–protein interactions studies
[14,21] and RNAi knockdowns of individual components [22,23]
it was established that the core complex contains two tripartite
subcomplexes [18]: a deletion subcomplex – TbMP63, TbMP57,
TbMP99 and an insertion subcomplex – TbMP81, TbMP57 and
TbMP48. Additionally, three forms of the RECC are distinguished
by association with distinct RNase III-type endonucleases,
TbMP90, TbMP61 and TbMP67: RECC1 – U-deletion editing path-
way: TbMP41, TbMP90 and TbMP100; RECC2 – U-insertion editing
pathway: TbMP47 and TbMP61; and RECC3 – cis-editing pathway:
TbMP49 and TbMP67.
Electron microscopy in combination with single particle recon-
struction techniques provided low-resolution data about the over-
all structure of the pre-mRNA editing complexes, and revealed that
20S complexes comprise a major portion of the platform of the
35–40S complexes, with a common structural core [24]. The
authors identiﬁed 13 proteins in editing complexes from the mito-
chondrial lysate: TbMP100, TbMP99, TbMP90, TbMP67, TbMP63,
TbMP61, TbMP57, TbMP52, TbMP46, TbMP44, TbMP42, TbMP24
and TbMP48. Nine of these proteins are shared with the core com-
plex. Unfortunately, no high resolution structures are as of yet
available for the two editing complexes, which hinders the under-
standing of mechanistic details of the reaction cycle. Thus far, crys-
tal structures were solved for only ﬁve proteins: TbMP18 (PDB
codes: 3k7u, 3k80, 3k81), TbMP42 (PDB: 3stb), TbMP52 (PDB:
1xdn), TbMP57 (PDB: 2b56, 2b4v, 2b51) and TbMP81 (PDB: 4dka,
4dk3, 4dk6). This corresponds to only 12% of the combined lengths
of all proteins of the editosome. The structures of all other edito-
some proteins are unknown as is their position and orientation
in the complex.
To set the groundwork for a ﬁrst structural working model of
the editosome, we performed a comprehensive bioinformatic
structure analysis of all editosome proteins. We systematically
analyzed 19 editosome proteins with respect to the presence and
type of intrinsic disorder and generated 3D-models for all proteins
without experimentally determined structures. Our data suggest a
structural partition of the polypeptides involved in the catalytic
reaction steps of the complex, which are mostly ordered, from
those proteins with a high degree of intrinsic disorder. A potentialfunction for the intrinsically disordered proteins and protein
domains is discussed.
2. Materials and methods
2.1. Sequence analysis
In this paper we focus on 19 proteins that form the core com-
plex and three additional subcomplexes (RECC1, RECC2 and
RECC3): core proteins TbMP18 (GI: 14495342), TbMP19 (GI:
72392209), TbMP24 (GI: 29293896), TbMP42 (GI: 14495340),
TbMP44 (GI: 70833573), TbMP46 (GI: 29293906), TbMP48 (GI:
47117107), TbMP52 (GI: 122124264), TbMP57 (GI: 29293910),
TbMP63 (GI: 14495338), TbMP81 (GI: 33348378), and TbMP99
(GI: 29293904); subcomplex 1 – TbMP100 (GI: 29293902),
TbMP90 (GI: 261326075), and TbMP41 (GI: 70803449); subcom-
plex 2 – TbMP47 (GI: 261331233) and TbMP61 (GI: 29293900);
subcomplex 3 – TbMP49 (GI: 70800523) and TbMP67 (GI:
29293898). Secondary structure prediction, domain organization,
prediction of protein–RNA interacting amino acids and tertiary
fold-recognition were carried out via the GeneSilico Protein
Structure Prediction Metaserver [25]. Prediction of ordered and
disordered regions from protein sequence was carried out using
the Metadisorder method [26]. Prediction of mitochondrial target-
ing sequences was carried out using the MITOPROT [27], MitoFates
[28], and TargetP [29] web servers (see Supplementary Table 15).
For each protein, the shortest of the three predicted mitochondrial
targeting sequences was taken into account, with the exception of
TbMP18, TbMP48, TbMP52 (for which the targeting sequences
were indicated in GenPept records), and TbMP19 (for which no
cleavable targeting sequence could be predicted). The predicted
cleavable targeting sequences were then removed from further
analyses and are not included in structural models or in disorder
calculations. Key results of structural predictions are available in
Supplementary Table 1 and Supplementary Fig. 1.2.2. Homology modeling
Based on the top-scoring fold-recognition alignments from the
GeneSilico meta-server, comparative models of the editosome pro-
teins were built using the ‘‘FRankenstein’s Monster’’ modeling
approach [30]. This approach comprises cycles of model building,
evaluation, realignment in poorly scored regions and merging of
best scoring fragments to obtain a best possible model. For model
building we used MODELLER 8v1 [31] and SwissModel [32]. The
procedure of model quality assessment is described below. For
fragments of protein structure that could not be built using the
comparative approach, and for fragments that were very poorly
scored, ROSETTA 3.0/3.1 [33] was used in the ‘‘loop modeling’’
mode. Hundreds of thousands of decoys were generated for every
fragment and clustered to identify frequently occurring
low-energy conformations. Representative members of the largest
clusters were selected for further analysis. Finally, for regions that
remained poorly scored, local reﬁnement with restraints on the
predicted secondary structure was attempted using the REFINER
program [34].2.3. Protein model quality assessment
Models were evaluated with two Model Quality Assessment
Programs (MQAPs). First, MetaMQAPII, an updated version of a
method described in [35]. In particular, we used the values of pre-
dicted global distance test total score (GDT_TS) for the evaluation
of the global accuracy of the models (the higher GDT_TS, the bet-
ter) and the predicted deviation of individual residues as a measure
Fig. 1. Predicted domain architecture, disordered regions and protein–RNA inter-
action sites. OB-fold – oligonucleotide binding domain. Ligase – polynucleotide
ligase-mRNA capping catalytic domain. PAPcat – nucleotidyltransferase (NT)
domain of poly(A) polymerases and terminal uridylyl transferases. PAP_CTD –
poly(a) polymerase C-terminal domain. Endo/Exo/Phos – endonuclease-exonucle-
ase-phosphatase family domain. 50–30 exonuclease – XRN 50–30 exonuclease N-
terminus. ASF_hist_chap – ASF1 like histone chaperone domain. RNaseIII – RNase
III-like catalytic-like domain. dsRBM – double-stranded RNA binding motif. Purple
arrows indicate C2H2-type zinc ﬁnger motifs. Orange arrows indicate U1-like C2H2
zinc ﬁnger motifs. Grey boxes indicate disordered regions. Black dots indicate
predicted protein–RNA interacting regions.
A. Czerwoniec et al. / FEBS Letters 589 (2015) 2603–2610 2605of predicted local accuracy (the lower the predicted deviation the
better). Second, PROQ [36] was used to predict the global model
quality, based on predicted values of LGscore (the negative loga-
rithm of a P-value describing the likelihood of the model being
accurate) and MaxSub (ranging from 0 for bad models to 1 for per-
fect models). Depending on these parameters, a model can be qual-
iﬁed as: ‘‘correct’’ if LGscore > 1.5 and MaxSub > 0.1, ‘‘good’’ if
LGscore > 3 and MaxSub > 0.5, and ‘‘very good’’ if LGscore > 5 and
MaxSub > 0.8). MQAP scores only predict the deviation of a model
from the real structure (the real deviation can be calculated only by
comparison to the real structures, which at the time of the model-
ing are not available). Thus, the scores reported in this work that
indicate e.g. ‘very good models’, must be interpreted as estimations
or predictions that our models are ‘very good’, and not as an ulti-
mate validation of the model quality. High values reported by
MQAPs indicate that a given structural model is likely to be correct,
and can be used to make functional inferences at the level of indi-
vidual residues; a conservative assumption is that the predicted
positions of individual atoms can be established with a precision
up to 3 Å, but any inferences that require higher accuracy must
be exerted with extreme caution. The ﬁnal models of individual
proteins are available via a publically accessible ftp server at:
ftp://ftp.genesilico.pl/iamb/models/editosome/.
3. Results
3.1. Domain architecture of editosome proteins
To better understand the structure of proteins that constitute
the editosome [37], we carried out sequence analyses focused on
the prediction of structural features such as secondary structure,
conserved domains, disordered/ordered regions, residues involved
in RNA binding. We focused on 19 proteins that form the core com-
plex and three additional subcomplexes (RECC1, RECC2 and
RECC3). Our main priorities in identifying structural domains of
proteins were to check and correct (if the need be) previously
reported domain boundaries [14,37]. We also broadened the
domain identiﬁcation with information from predictions of pro-
tein–RNA interactions and disorder content. Using a combination
of protein fold-recognition and sequence conservation-based
domain identiﬁcation methods, we identiﬁed 21 ordered structural
domains and 16 structural motifs (such as six C2H2-type zinc ﬁn-
ger motifs, seven U1-like C2H2 zinc ﬁngers and three
double-stranded RNA binding motifs) as shown in Fig. 1.
3.2. Intrinsically disordered regions (IDRs)
Intrinsically disordered regions (IDRs) represent many different
types of structure, and they may or may not be completely
unfolded. For instance they may be composed of stable preformed
secondary structure elements [38] or be disordered in isolation,
but become folded upon binding to another molecule [39].
Conserved functionally relevant motifs occurring in IDRs are often
sites of intermolecular interactions and post-translational modiﬁ-
cations [40]. Unlike rigid globular domains, proteins with IDRs
are characterized by plasticity, and are involved in a variety of
molecular functions that require plasticity, for instance providing
ﬂexible linkage between structured domains or involvement in
protein–protein and protein–RNA complex formation.
Predictions of disordered regions in editosome proteins were
carried out via MetaDisorder, a metaserver for the prediction of
conformational disorder from protein sequence [26]. This initial
prediction suggested that IDRs cover as much as 35.4% of the
sequence of all editosome proteins (Supplementary Tables 1 and
2). Based on our experience with similar analyses done for thespliceosomal proteome [41], we reﬁned these predictions manu-
ally, by taking into account secondary structure predictions and
the results of fold-recognition (identiﬁcation of stable structural
domains) obtained from the Genesilico MetaServer. In particular,
regions predicted by the majority of secondary structure prediction
methods to exhibit stable secondary structure were considered as
ordered. These corrections shifted the fraction of disordered amino
acids for all protein sequences to 29.5% (Supplementary Tables 1
and 2), which is higher than the average value for the human pro-
teome, equaling 21.6% [42].
Editosome proteins differ in their disorder content
(Supplementary Tables 1 and 2). In particular, core proteins with
OB-fold domains: TbMP42, TbMP63, TbMP81 are signiﬁcantly
more disordered than the average of all other editosome proteins
analyzed in this work (Supplementary Tables 2 and 3). In these
proteins, IDRs without secondary structure cover 52.4%, 67.2%,
and 65.5% residues, respectively. The presence of two C2H2 zinc
ﬁnger motifs with a similar sequence pattern of
(F/T)XCX2CX3FX5WX2HX4H [43], suggests that these proteins
take part in protein–protein interactions or act in the process of
RNA recognition and binding and perhaps RNA unfolding as sug-
gested by Böhm et al. [17]. Moreover, TbMP42 appears to take part
in the editosome structure and organization, and may coordinate
some steps of reactions cycle [43,44].
Some groups of editosome proteins are almost entirely ordered.
The two editing RNA proteins TbMP52 (only 9.9% of sequence in
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ATP-dependent RNA ligase superfamily. The smallest fraction of
residues predicted to be disordered (7.4%) is in TbMP57, a terminal
uridylyl transferase (TUTase) that forms an integral part of the edi-
tosome. Due to their speciﬁc enzymatic functions in the cell, these
proteins are characterized by strongly conserved domains with
stable architectures. Editosome proteins potentially involved in
RNA binding: TbMP18, TbMP24 and TbMP46, have 18.5%, 21.8%
and 18.9% of IDR content, respectively, which is slightly less than
average (Supplementary Table 2). All of them contain functional
domains responsible for RNA binding. Moreover, TbMP46 plays
additional roles, associated with the editosome integrity and the
dynamic events that occur in the complex during editing in T. bru-
cei [45].
Summarizing, the protein inventory of the T. brucei editosome
can be divided into three subgroups based on trends in their
IDR-content: proteins with a high (>50% of IDR) or moderate
(15–50% of IDR) fraction of disordered residues, and ordered pro-
teins (<15% of IDR). First, as a result of their large IDR content,
TbMP81, TbMP63, and TbMP42 may use their ﬂexibility to perform
a role in the RNA binding event of the processing cycle, in protein–
protein interactions and perhaps in the documented RNA unwind-
ing activity of the editosome as suggested by Böhm et al. [17].
Second, proteins with the smallest fraction of disordered residues
(TbMP57, TbMP48, and TbMP52) are engaged in catalytic reactions
(U-insertion and RNA ligation) that require less ﬂexibility and
more structural rigidity (Table 1). Third, proteins with intermedi-
ate levels of disorder include nucleases and small proteins with
OB-fold (TBMP18, TbMP19 and TbMP24), (Fig. 2 presents two sub-
groups of proteins with different function – structural and enzy-
matic, divided by percentage of intrinsic disorder).
We compared the IDR-content of the T. brucei editosome pro-
teins to human spliceosomal proteins, to ribosomal proteins [41]
and to other molecular machines involved in metabolic RNA pro-
cesses that are composed of intrinsically disordered proteins
(Supplementary Table 13). The percentage of residues predicted
to be disordered in editosome proteins (35.4%) is slightly higher
from that in proteins of the spliceosomal snRNP subunits (34.1%),
but much lower than in ribosomal proteins (47.0%). IDRs in the edi-
tosome are also much shorter (on the average 16 aa) compared to
those in the spliceosomal (93 aa) and ribosomal (39 aa) protein
components. The editosome contains 53% proteins with at leastTable 1
Percentage of amino acid residues predicted to be intrinsically disorder in proteins of
the T. brucei editosome. Values above 50% are indicated in bold.
Protein name Percentage of disorder %












Subcomplex 1 – RECC1 TbMP41 22.8
TbMP90 39.2
TbMP100 31.1
Subcomplex 2 – RECC2 TbMP47 14.9
TbMP61 29.8
Subcomplex 3 – RECC3 TbMP49 20.8
TbMP67 28.0one IDRP 30 residues (Supplementary Table 12), compared to
76% protein subunits of the ribosome and 62% components of the
human spliceosome, and the spliceosome subunits contain nearly
two times more proteins with at least one IDRP 70 residues com-
pared to the editosome. Also, ribosomal regions predicted to be
disordered are on average longer (39 aa) in comparison to frag-
ments in the editosome (16 aa). Therefore, while intrinsic disorder
appears to have a signiﬁcant role in the trypanosomal editosome, it
is much less prevalent than in the ribosome and in the spliceo-
some. However, the majority of IDRs in editosome proteins are pre-
dicted not to contain any secondary structure. Only 18% of the
disordered residues are classiﬁed as locally ordered based on the
presence of predicted secondary structure elements, in contrast
to the ribosome and spliceosome, where the percentage of such
residues is about 64% and 42%, respectively. Hence, intrinsic disor-
der in the editosome is considerably less ‘‘structured’’ than the dis-
order in the ribosome and spliceosome.
3.3. Protein structure modeling
For the editosome proteins with unknown 3D-structure we per-
formed a protein fold recognition analysis and constructed struc-
tural models. By using both a comparative (template-based) and a
de novo (template-free) modeling approach, we were able to build
models for all editosome proteins. For proteins with known crystal
structures, we added the missing parts with the help of the de novo
methods and those models are predicted to have the highest accu-
racy. For proteins without experimentally-derived structure infor-
mation we modeled all structured domains. These proteins exhibit
a varying degree of predicted accuracy. It must be emphasized that
disordered regions cannot be represented as single structures, and
for them we generated intermediate models, in which only the pri-
mary and predicted secondary structure was represented explicitly,
while the tertiary arrangement was arbitrary. It must be empha-
sized that these intermediate models are not supposed to be reliable
at the tertiary structure level and were constructed as to facilitate
the modeling of a whole complex assembly in the future.
Expectedly, models of such regions score poorly in model quality
assessment, hence the assessment was done for entire proteins
models aswell as for fragments predicted to be structured andmod-
eled accurately (Supplementary Table 14). A summary of the model
quality assessment is presented in Supplementary Table 14 andpro-
tein models are available via a publically accessible ftp server at:
ftp://ftp.genesilico.pl/iamb/models/editosome/. Over 97% of the
ordered regions of the editosome proteins can be associated with
experimental structural information or with comparative and de
novo models. Among different types of structural information,
experimentally -determined crystal structures cover 12% of all edi-
tosome residues, the homology models were generated for 46%, de
novo models cover 8% of all residues, and there are also 2% of low
quality structural models (Fig. 3).
3.3.1. Zinc ﬁngers are the most common domains in editosome
proteins
Zinc ﬁngers (ZnF) are structural motifs that are stabilized by the
binding of a zinc ion. They are responsible for protein–protein and
protein–nucleic acid interactions that in many cases are essential
for protein function and complex assembly [46]. ZnF proteins were
reported to be essential for the function of the editosome
[43,47,48]. We identiﬁed 13 ZnF motifs in 10 editosome proteins
out of 19 analyzed: six typical C2H2-type zinc ﬁnger motifs (in
TbMP42, TbMP63 and TbMP81 proteins) and seven U1-like C2H2
zinc ﬁnger motifs (in TbMP44, TbMP46, TbMP90, TbMP47,
TbMP61, TbMP49 and TbMP67). The C2H2-like zinc ﬁnger group
is the most common and best-characterized class of zinc ﬁngers
adopting a simple bba-fold, where a single zinc ion is held in place
Fig. 2. Two subgroups of editosome proteins with different functions.
Fig. 3. Coverage of different structural information with respect to the sum of all
residues of 19 editosome proteins.
Fig. 4. 3D models of ZnF domains. Models are shown in ribbon representation and
colored according to the assessment of accuracy with the MetaMQAP method (blue
– reliable, red/yellow – non-reliable).
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present in mammalian transcription factors. U1-type zinc ﬁnger
domains are a family of C2H2-type zinc ﬁngers present in matrin,
U1 small nuclear ribonucleoprotein C and other RNA-binding pro-
teins. 3D structures of modeled ZnF regions are available at: ftp://
ftp.genesilico.pl/iamb/models/editosome/ (the only ZnF region for
which we were not able to build a 3D-structure is TbMP49) and
models are shown in Fig. 4.
3.3.2. OB-fold domains in editosome proteins
The OB-fold (oligonucleotide/oligosaccharide binding fold) is a
ubiquitous structure [49]. Among the editosome proteins there
are six proteins containing the OB-fold domain (TbMP18,
TbMP19, TbMP24, TbMP42, TbMP63 and TbMP81). They have been
shown to form a core structural scaffold for the remaining proteins
mainly through the formation of homo- and heterooligomers
(‘‘OB-fold’’ in Figs. 1 and 5) [14]. For instance, TbMP18 interacts
through its OB-fold with TbMP24, TbMP81 and TbMP63, andTbMP42 with TbMP81. For TbMP18, TbMP42 and TbMP81 the crys-
tal structures of the OB-fold domains are known [50,51]. OB-fold
proteins in other RNA-based biochemical systems have been shown
to provide RNA chaperone-type activities [52,53]. Especially, the
yeast exosome core protein Rrp44 has been demonstrated to cat-
alyze the unwinding of RNA molecules through a novel mechanism
utilizing three OB-fold domains [54,55]. As a consequence, Böhm
Fig. 5. 3D models of OB-fold domains of TbMP18, TbMP19, TbMP24, TbMP63 and
TbMP81 proteins. Models are shown in ribbon representation and colored accord-
ing to the assessment of accuracy with the MetaMQAP method (blue – reliable, red/
yellow – non-reliable).
2608 A. Czerwoniec et al. / FEBS Letters 589 (2015) 2603–2610et al. suggested that the inherent RNA chaperone activity of the edi-
tosome is executed through the heteromultimeric association of
some or all of the editosome OB-fold proteins [17].
3.3.3. RNase III domains in editosome proteins
The Ribonuclease III domain is an eponymous catalytic domain
of RNase III and related enzymes, in which two copies of this
domain always form a symmetrical homodimer or a pseudosym-
metrical heterodimer [56]. In the editosome there are six proteins
with RNase III domain – TbMP44, TbMP46, TbMP90, TbMP47,
TbMP61 and TbMP67, for which 3D-structural models were built
(‘‘RNaseIII’’ in Figs. 1 and 6). A conservation of residues
(ExxExxxD and DxxE) in catalytic center is observed in the case
of TbMP61, TbMP67 and TbMP90. Together they may collaborate
in the edition reaction cycle. TbMP44 and TbMP46 do not possess
a conserved catalytic center, so their direct role in catalysis is unli-
kely and it is possible that they provide a structural scaffold or par-
ticipate in protein–RNA interactions.
3.3.4. RNA ligase domains in editosome proteins
RNA ligases repair breaks in RNA strands, and in the context of
the editosome they repair nicked transcripts in the
gRNA/pre-mRNA hybrid RNAs. These enzymes present the
ATP-grasp architecture consisting of two subdomains with differ-
ent alpha- and beta-folds that share functional and structural sim-
ilarities with the PIPK and protein kinase superfamilies. In theFig. 6. 3D models of RNase III domains of TbMP44, TbMP46, TbMP47, TbMP61,
TbMP67 and TnMP90 proteins. Models are shown in ribbon representation and
colored according to the assessment of accuracy with the MetaMQAP method (blue
– reliable, red/yellow – non-reliable).editosome there are two proteins with ligase domains, TbMP48
and TbMP52, for which 3D models were built (‘‘Ligase’’ in
Figs. 1 and 7).
3.3.5. Other structured domains in editosome proteins
In TbMP57 we observed a nucleotidyltransferase (NT) domain
of poly(A) polymerases divided by a long insertion into two N-
and C-terminal domains (‘‘PAPcat.’’ and ‘‘PAP_CTD’’ in
Figs. 1 and 8). This insertion is present in all trypanosomatid
TUTases. Despite the insertion, the NTD and CTD (collectively
called a ‘‘catalytic bidomain’’) provide all essential catalytic resi-
dues [57]. The ‘‘PAPcat’’ domain of poly(A) polymerase (SCOP clas-
siﬁcation – fold: nucleotidyltransferase) shares structural
similarity with the allosteric activity domain of ribonucleotide
reductase R1, which comprises a four-helix bundle and a
three-stranded mixed beta-sheet. The PAP_CTD domain has a
polynucleotide adenylyltransferase activity (SCOP classiﬁcation –
Fold: PAP/OAS1 substrate-binding domain; core: 5-helical bundle;
up-and-down; right-handed twist).
An ASF1-like histone chaperone domain is present in TbMP41
(SCOP classiﬁcation – Fold: Immunoglobulin-like beta-sandwich;
sandwich; 7 strands in 2 sheets), (Fig. 8). This family includes the
yeast and human ASF1 protein. These proteins have histone chap-
erone activity. ASF1 participates in both the replication-dependent
and replication-independent pathways [58].
50–30 exonuclease – XRN 50–30 exonuclease N-terminus – this
family aligns residues towards the N-terminus of several proteins
with multiple functions (‘‘50–30 exonuclease’’ in Figs. 1 and 8)
[59]. The members of this family all appear to possess 50–30 exonu-
clease activity EC:3.1.11 and this domain is present in the
N-terminal regions of TbMP99 and TbMP100.
Exonuclease–endonuclease–phosphatase domain superfamily
(Endo/Exo/Phos in Figs. 1 and 8) is a large superfamily including
the catalytic exonuclease/endonuclease/phosphatase domain of a
diverse set of proteins including magnesium-dependent endonu-
cleases and many phosphatases involved in intracellular signaling
[60]. These diverse enzymes share a common catalytic mechanism
of cleaving phosphodiester bonds. The domain is present in the
C-terminal regions of TbMP99 and TbMP100 and both proteins
have been shown to execute 30 nucleotidyl phosphatase activity
in vitro [61].
4. Discussion
In this work we carried out a comprehensive analysis of pro-
teins that form the pre-mRNA editing complex of T. brucei. First,
we combined bioinformatics methods for domain identiﬁcation,
protein fold-recognition, and protein order/disorder prediction to
identify structured and unstructured regions. We estimated that
about 30% of the residues of the editosome proteins are disordered,
at least if the editosome proteins are considered well separated
from each other, and probably also to some extent in the functionalFig. 7. 3Dmodels of TbMP48 and TbMP52 proteins with ligase domains. Models are
shown in ribbon representation and colored according to the assessment of
accuracy with the MetaMQAP method (blue – reliable, red/yellow – non-reliable).
Fig. 8. Other domains: 3D models of PAPcat, PAP_CTD domains of TbMP57 and ASF_hist_chap domain of TbMP41 proteins; 3D model of TbMP49 protein; 50–30 exonuclease
domains of TbMP99 and TbMP100 N-terminal regions; Endo/Exo/Phos domains of TbMP99 and TnMP100 C-terminal regions. Models are shown in ribbon representation and
colored according to the assessment of accuracy with the MetaMQAP method (blue – reliable, red/yellow – non-reliable).
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tions for structural studies of the complex in the future. In partic-
ular, our data can serve as a guide for the experimental
characterization of structured regions of editosome proteins that
could be crystallized alone or in subcomplexes. Knowledge about
the fraction, distribution and composition of intrinsic disorder
regions can guide the preparation of protein variants for crystal-
lization that should be limited to regions that are intrinsically
ordered or at least predicted to become ordered upon complex for-
mation. However, the structural characterization of the whole
functional editosome complexes may require additional experi-
mental methods such as small angle X-ray or neutron scattering
(SAXS or SANS) that are capable of characterizing structure not
only for ordered proteins, but also for disordered ones.
Second, we analyzed the fraction, distribution and composition
of intrinsic disorder regions across all editosome components. We
found that the distribution of intrinsic order and disorder through-
out the editing complex is uneven, and is strongly related to the
various functions performed by proteins that form the complex.
For instance, ordered proteins (e.g. TbMP57, TbMP52 and
TbMP48) are invariably connected to those steps of the editing
reaction cycle that require catalytic functionality. Components
with a high content of disorder such as the OB-fold proteins
TbMP42, TbMP63 and TbMP81 (and to a lesser extent TbMP18,
TbMP24 and TbMP46) have as of yet unassigned functions.
However, they collectively might be involved in the RNA binding
and RNA unwinding function of the editosome [17] since structural
ﬂexibility has been shown to be an important trait in many pro-
tein–RNA interactions [62]. In the case of the editosome the situa-
tion is further complicated by the fact that the complex has to
interact with a large variety of differently sized and folded sub-
strate RNAs in addition to literally hundreds of gRNA and partially
edited mRNAs. Guide RNAs have molecular masses around 20kDa,
while the involved mRNAs vary between 60kDa and 450kDa. The
binding of substrate pre-mRNAs converts 20S editosomes into
35–40S complexes and depending on the type of RNA differently
shaped 35–40S complexes are formed [63]. The RNA binding site
of the editosome covers a large surface area on one side of the
20S particle and contacts the interface between two
non-identical, globular subdomains [24]. Our data would suggest
that this surface area mainly consists of intrinsically disordered
protein elements, which form a structurally ﬂexible docking plat-
form to accommodate the broad RNA substrate-speciﬁcity of the
complex.
Based on results of our bioinformatics analysis we propose that
the 20S pre-mRNA editing complex represents a macromolecularmachinery that relies on both structurally deﬁned elements as well
as intrinsically disordered and conformationally ﬂexible regions.
This arrangement separates catalytic functionalities from dynamic
reaction steps such as RNA substrate binding, and it underlines the
importance of intrinsically disordered regions in high molecular
mass complexes. Of course, understanding the conformational
dynamic and adaptive recognition of the intrinsically disordered
regions will be the next experimental challenge. The provided
3D-models of all editosome proteins can serve as starting point
for further investigations of the interaction between editosome
proteins and their localization in the macromolecular assembly.
More accurate predictions will be possible in the future when the
ﬁnal composition of the complex is established, additional data
about interactions of editosome proteins with RNA are obtained
and new structures of the editosome components are solved at
high resolution.
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